Background/Objectives: Acrylamide, a probable human carcinogen, was detected in various heat-treated foods such as French fries and potato crisps. Recently, positive associations have been found between dietary acrylamide intakes, as estimated with a food frequency questionnaire using an acrylamide database, and cancer risk in some epidemiological studies. As acrylamide levels vary considerably within the same type of foods, a validation study was performed to investigate whether use of an acrylamide food database containing calculated mean acrylamide content, based on extensive sampling and chemical analysis of Dutch foods (several samples per food), can classify subjects with respect to true acrylamide intake. Subjects/Methods: We used the data from a 24-h duplicate diet study. The acrylamide content of 39 Dutch 24-h duplicate diets collected in 2004 was estimated using the mean acrylamide levels of foods available from the database and the menu list, on which the participants of the duplicate diet study had listed the amounts of individual foods and drinks in household units. Next, the acrylamide content of the total duplicate diets was analytically measured and correlated to the estimated acrylamide contents. Results: The Spearman's correlation coefficient between chemically determined acrylamide content and the calculated acrylamide content of the duplicate diets was 0.82 (Po0.001).
Introduction
In 2002, the scientific community was alarmed by the finding by Swedish scientists that acrylamide is present in a wide range of foods, such as French fries and potato crisps (Tareke et al., 2002) . In 1994, the International Agency for Research on Cancer classified acrylamide as a probable human carcinogen, based on its carcinogenicity in rodents (IARC, 1994) . Acrylamide is present in foods at considerably higher levels than other well-known food carcinogens, such as polycyclic aromatic hydrocarbons and ethyl carbamate (JECFA, 2005) . Shortly after its discovery in food, it was shown that acrylamide is formed in Maillard browning reactions in which amino acids, particularly asparagine, react with reducing sugars at high temperatures (4120 1C) (Mottram et al., 2002; Stadler et al., 2002) .
Dietary acrylamide intake and its relation with the risk of various types of cancer in humans have been studied in few case-control studies (Mucci et al., 2003 (Mucci et al., , 2004 Pelucchi et al., 2006; Wilson et al., 2009a) and prospective cohort studies (Mucci et al., 2005 (Mucci et al., , 2006 Olsen et al., 2008; Schouten et al., 2009; Wilson et al., 2009b; Hogervorst et al., 2007 Hogervorst et al., , 2008a Hogervorst et al., , b, 2009a Larsson et al., 2009a, b, c, d, e) . In the case-control studies, no association between acrylamide intake and cancer risk was observed. One prospective cohort study by our group, the Netherlands Cohort Study on Diet and Cancer (NLCS), showed a positive association between dietary acrylamide intake and endometrial cancer risk in neversmokers (Hogervorst et al., 2007) . Furthermore, this study showed a positive association between dietary acrylamide intake and ovarian cancer, but not for postmenopausal breast cancer risk (Hogervorst et al., 2007) . The NLCS also provides evidence for a positive relation between dietary acrylamide intake and renal cell cancer risk, especially in individuals who smoke. No such relations were found for bladder and prostate cancer in this study (Hogervorst et al., 2008a) . In the NLCS, acrylamide intake was not associated with lung cancer risk in men, but was inversely associated in women (Hogervorst et al., 2009a) . In Denmark, a positive association was found between acrylamide intake and estrogen receptor-positive breast cancer risk among postmenopausal women, using acrylamide to hemoglobin adducts as the exposure variable (Olsen et al., 2008) . The other prospective cohort studies, which investigated the association between acrylamide intake and colorectal cancer (Mucci et al., 2006; Hogervorst et al., 2008b; Larsson et al., 2009a) , (premenopausal) breast cancer (Mucci et al., 2005; Larsson et al., 2009b; Wilson et al., 2009b) , gastric, pancreatic, esophagal cancer (Hogervorst et al., 2008b) , brain cancer risk (Hogervorst et al., 2009b) , head-neck and thyroid cancers (Schouten et al., 2009) , endometrial cancer (Larsson et al., 2009e) , prostate cancer (Larsson et al., 2009c) and ovarian cancer (Larsson et al., 2009d) , have not found indications for positive relationships.
In these epidemiological studies, most often food frequency questionnaires (FFQs) have been used to assess dietary acrylamide intake. Although the use of FFQs has limitations (Wilson et al., 2009) , they are the only feasible way to assess dietary intake over a long time period in largescale epidemiological studies. Two aspects are important for the validity of an FFQ to assess dietary acrylamide intake, namely, the ability of the FFQ to capture long-term intake of the relevant acrylamide-containing foods, and the analytical acrylamide data available for these foods.
To investigate the association between long-term acrylamide intake and risk of cancer in the NLCS, we used a database with acrylamide values derived from an extensive and elaborate sampling scheme and chemical analysis of all relevant Dutch foods. The acrylamide value of each food was based on the mean of all available samples of that food (the number of samples per food ranging between 2 and 40).
At a European Food Safety Authority scientific colloquium on acrylamide carcinogenicity (EFSA, 2008) , dietary exposure data across Europe were discussed. It was generally concluded that it was not the chemical analysis contributing to the uncertainty in exposure assessment, but rather the consumption data and the use of a single value for the acrylamide level based on the mean of several samples of the same food.
Acrylamide levels vary enormously not only between foods, but also within foods. For instance Konings et al. (2006) have found acrylamide levels in French fries to range from lower than 60 to 1220 mg/kg and in potato crisps from 310 to 2800 mg/kg. This means that the potential for misclassification of exposure when assigning a single acrylamide content value to individual foods is considerable.
The aim of this study is to validate this acrylamide database for use in the NLCS. In the context of an epidemiological study, validation implies the ability of the measurement to rank subjects according to intake (Willett, 1998) . We performed this validation study using duplicate 24-h diets for which total acrylamide intake was calculated based on values from the database and compared with the total acrylamide intake as chemically analyzed.
Materials and methods
Duplicate 24-h diets The National Institute for Public Heath and the Environment (RIVM) in the Netherlands has collected duplicate diets of 123 persons in the spring and autumn of 2004. The participants represent the 18-to 74-year-old male and female segment of the Dutch population and were a cross section of all social classes. Information on gender, age and body weight of the participants was collected. The design and sampling procedure were the same as applied in an earlier duplicate diet study that was performed in 1994 by RIVM and described by Sizoo and van Egmond (2005) . Duplicate 24-h food and drink portions, including drinking water, were collected during the two study periods each to take seasonal fluctuations in food composition and consumption into account. All participants collected a duplicate portion of everything they consumed in the 24-h sampling period, in a stainless steel bucket, which was placed in a styropor box, containing dry ice and cooling elements. Participants were asked to provide information about the quantity of the various foods and drinks consumed in household units (for example, table spoons, cups, pieces and glasses) rather than in exact amounts. The weight of the serving sizes were derived from common Dutch household measures as defined by the Netherlands Nutrition Centre (Donders-Engelen et al., 2003) .
After collection, the diets were freeze-dried and homogenized. During the process of freeze-drying, the samples were exposed to room temperature for a few days and were thereafter stored at À20 1C. Subsequently, dry weight of the freeze-dried diets was determined.
Acrylamide intake assessment For all 123 participants of the 2004 duplicate diet study, the acrylamide intake on the day of participation was calculated, based on the foods and drinks listed by each participant in household units. The mean acrylamide content assigned to each food and drink were based on the analytical data of foods on the Dutch market, which were analyzed by the Food and Consumer Product Safety Authority (VWA) in 2002 and 2005, as described elsewhere (Konings et al., 2003; Hogervorst et al., 2007) . In 2002, various foods, such as bread, French fries, pastry and cake, Dutch spiced cake, crisps, corn flakes, meat, fish, and several beverages were sampled and analyzed for acrylamide following an elaborate sampling scheme. In 2005, an additional series of foods was analyzed to specifically accommodate the estimation of acrylamide intake of the NLCS cohort and this series consisted of rusk, several types of cookies, rye bread, crisp bread, pastry and cake, chocolate and chocolate milk, nuts and salty snacks, peanut butter and coffee. In addition, five types of bread were analyzed again in 2005 because the quantitation limit decreased from 30 to 15 mg/kg, which is relevant for this type of product, because it contains acrylamide levels below the first determined quantitation limit. For the intake calculation, the acrylamide amount assigned was zero if individual food and drinks were not analyzed or determined at a level below the limit of quantitation.
Owing to the available budget, not all 123 duplicate 24-h diets could be analyzed for acrylamide. To have 80% power to detect a correlation of X0.4, 39 samples had to be chosen for acrylamide analysis. To be sure to sufficiently capture the right tail of the distribution in acrylamide intake, participants consuming the most important acrylamide-containing foods, such as Dutch spiced cake, coffee, French fries, potato crisps, dough products, a combination of these and a few theoretically low (but above the quantitation limit for the acrylamide analysis) were included. Moreover, it was of importance to include all main acrylamide sources that are included in the FFQ used in the NLCS.
Acrylamide determination
The method of acrylamide analysis was according to that developed by Rosén and Hellenäs (2002) (Tareke et al., 2002; Fohgelberg et al., 2005) , which is standardized as a Nordic Committee on Food Analysis method (NMKL, 2007) . In short, after homogenization and addition of deuteriumlabeled acrylamide, the samples were extracted with water. After centrifugation of the extract, an aliquot of the supernatant was subjected to solid-phase extraction and subsequently injected into a liquid chromatography tandem mass spectrometry (LC-MS-MS) system. The limit of quantitation was 0.5 mg/kg for liquid samples and 2 mg/kg for other samples (Fohgelberg et al., 2005) .
The Food and Consumer Product Safety Authority laboratory that analyzed the Dutch foods for this study participated in a number of proficiency programs of the Food Analysis Performance Assessment Scheme and the Institute for Reference Materials and Measurements from 2002-08, which resulted in satisfactory z-scores between -2 and 2, for acrylamide in the matrices crisp bread, potato crisps, coffee, breakfast cereal and bread, meaning that the analytical data were acceptable. Participation in a collaborative study for determination of acrylamide in roasted coffee (Wenzl et al., 2008) led to satisfactory results also.
Statistical analysis
Spearman's correlation coefficients were calculated with SPSS software (Chicago, IL, USA; package 15). Two-sided P-values are reported throughout this paper.
Results
The mean age of the 61 participants in the spring was 43 years (range 18-69), whereas the mean age of the 62 participants in the autumn was 44 years (range: 18-74). For 122 duplicate 24-h diets, the acrylamide intake could be estimated. For one diet, the individual details of the food item list were not complete. Details of the calculated acrylamide intake based on the 122 diets are given in Table 1 . The mean acrylamide intake for these diets is 0.45 mg/kg body weight. The most important foods contributing to the mean acrylamide intake through the 122 diets are plotted in Validation of database on acrylamide for epidemiological studies EJM Konings et al Figure 1 . They comprised potato crisps (25%), coffee (18%), cookies (12%), Dutch spiced cake (10%), fried potatoes (10%) and French fries (7%). Details of the calculated acrylamide intake of the 39 diets selected for chemical analysis are given in Table 1 . The mean acrylamide intake for these diets is 0.70 mg/kg body weight. The most important foods contributing to the mean acrylamide content of the 39 diets selected for analysis were potato crisps (34%), Dutch spiced cake (16%), French fries (11%) and coffee (13%). Results of the acrylamide intake of the 39 diets based on chemical analysis are given in Table 1 . The mean acrylamide intake for these diets is 0.80 mg/kg body weight. In Figure 2 , the calculated acrylamide intake of the 39 diets is plotted against the measured acrylamide intake for these diets. The Spearman's correlation coefficient between the calculated and the determined acrylamide contents was 0.82 with a P-value of o0.001. A striking observation in Figure 2 is that, for two of the 39 duplicate diets, the measured acrylamide content was more than five times higher than the estimated acrylamide content.
Discussion
The results of this study showed a good correlation between the analytically determined acrylamide content and the calculated acrylamide content of 39 24-h diets. This shows that assigning a mean acrylamide value to individual foods, which was done to estimate the acrylamide content of the duplicate diets, resulted in an excellent ranking for 95% of the subjects, but misclassification of two (5%). It should be born in mind that the effect of the use of household units (with a standardized amount) to provide information about the quantity of the various foods and drinks consumed attenuates the correlation.
In epidemiological studies such as the NLCS, the intake based on FFQ reflects the mean long-term consumption of foods containing acrylamide. It is therefore expected that the calculated acrylamide intake of these foods is closer to the measured acrylamide intake than shown in Figure 2 , because the latter is based on a single consumption of foods for which the within-food variation is an important factor.
The fact that the selected 24-h duplicate diets for analysis were not randomly sampled may have introduced artificially large between-person variation in acrylamide content of the diets, resulting in an overestimation of the correlation between the measured and the calculated acrylamide values. However, from Table 1 it is clear that the relative s.d. (RSD) of the selected 39 diets (93%) compared with the RSD of all the duplicate diets (109%) is smaller, which means that the between person variation has not been enlarged because of the selection of the 39 duplicates and thus will not have overstated the correlation.
The two participants with outlying measured acrylamide intake compared with calculated acrylamide intake reported to have consumed French fries in one case and olives in the other case. The participant who consumed French fries might have fried the French fries at home and preferred them browner than they would have been following normal frying instructions, which was the basis for our calculated acrylamide values in French fries. Using the highest amount of acrylamide found in French fries (3438 mg/kg; EFSA 2009) would explain 100% of the high measured acrylamide intake. Furthermore, the mean acrylamide level of green and black olives was used for the calculated acrylamide content of duplicate diets. Black olives contain much more acrylamide (302 mg/kg) than green olives (o8 mg/kg). Validation of database on acrylamide for epidemiological studies EJM Konings et al participant eating olives in the duplicate diet study, it was unknown whether green or black olives were consumed. However, the consumption of black olives cannot explain the big difference between calculated and measured acrylamide intake. The use of black olives could only explain 1% of the measured acrylamide intake. No other specific components of the diet could explain the higher measured acrylamide intake compared with the calculated acrylamide intake. Another possibility is that the participant in the duplicate diet study did not give the complete information of the preparation process, for example, the consumed potatoes of this participant might have been fried. This duplicate diet study addressed the question whether a single value for the acrylamide level based on the mean of several samples of the same food can be applied, because the range in levels per food can be large, as mentioned earlier. An important asset of the mean acrylamide levels used in this study is that they are representative for the population in the study, because we used acrylamide levels in foods from the Dutch market only. Sampling was based on a sampling plan in which the following factors were taken into account: representativeness of the market, regional variations and home cooking. For example, for all foods selected, most brands and varieties, including different production codes or seasonal variations, were sampled and analyzed (Konings et al., 2003) . For this study, we used acrylamide levels in foods that were sampled and analyzed in 2002 and 2005. It has been shown that after 2005, acrylamide levels in some products have decreased compared with acrylamide levels as quantified in 2002 for these products. Since the discovery of acrylamide in foods, industry together with science are working on mitigation procedures and managed to reduce acrylamide levels especially in Dutch spiced cake and potato crisps (Anonymous, 2007; Konings et al., 2007; CIAA, 2009 ). Thus, care has to be taken in the assignment of acrylamide levels to individual foods for acrylamide intake assessments in the future.
As far as we know, there has not been any study that can be directly compared with the present duplicate diet study. However, there have been a few studies that have correlated the FFQ acrylamide data to a biomarker for acrylamide exposure, namely acrylamide (and glycidamide) to hemoglobin adducts (Bjellaas et al., 2007; Kütting et al., 2005 Kütting et al., , 2008 Wirfält et al., 2008; Wilson et al., 2009) . This enables investigating whether using mean acrylamide levels for individual foods is reliable, and whether the performance of the FFQ with regard to estimating the long-term intake of acrylamide-contributing foods is adequate. However, one has to realize that FFQs and hemoglobin adducts cannot be expected to correlate perfectly, because they measure different aspects of acrylamide exposure. Most FFQs aim to estimate average intake of acrylamide over a considerable period, often the previous year, whereas hemoglobin adducts account for exposure, absorption and metabolism of acrylamide over the previous 4 months. Furthermore, the biomarker is not specific for dietary acrylamide intake, but also represents acrylamide exposure from other sources, for example, smoking. Correlations reported in the studies mentioned varied from no correlation to 0.60. Brantsaeter et al. (2008) investigated acrylamide excreted as mercapturic acid metabolites in 24-h urine as an evaluation tool to determine the validity of an FFQ. These metabolites represent B55% of the dose administered. However, they seem to be good biomarkers of the shortterm acrylamide intake. They reported a correlation of 0.26 between acrylamide intake and excretion of mercapturic acid metabolites in non-smokers, and concluded that the FFQ used was able to rank participants in the study according to their dietary acrylamide exposure.
What can be concluded from these studies correlating biomarkers and FFQ data is that correlations tend to be higher when data of acrylamide in foods from the national market are used and possibly also when the sum of acrylamide and glycidamide to hemoglobin adducts is used to correlate to the FFQ data. Other possible reasons why the observed correlations vary so much are differences in the quality of the FFQ that was used, and the foods that contribute most to the dietary acrylamide intake in the specific study populations. Some foods have a larger variation of acrylamide concentrations than other foods. Of course, these foods would have to be included in the FFQ as separate items.
The duplicate diet study did not address the question whether respondents to an FFQ are able to accurately report on their average intake of acrylamide-containing foods (usually during a year) and whether a single measurement of food intake through an FFQ characterizes chronic average dietary acrylamide intake. Both are required to study the association between acrylamide intake and cancer risk when using FFQs. The validity of the FFQ can be investigated, for instance, by comparing the FFQ data with dietary records, and its reliability by repeatedly administering the FFQ to study the stability of dietary habits over time, both of which were carried out in, for instance, the NLCS study (Goldbohm et al., 1994 (Goldbohm et al., , 1995 . Nevertheless, this duplicate diet study and the studies on the biomarkers mentioned above rendered reassuring indications that an important part of the acrylamide intake assessment through questionnaires, such as assigning single values to individual foods, is not necessarily as fruitless as thought by some (Kütting et al., 2005; Doerge et al., 2008) In conclusion, we have shown that using single acrylamide values for individual foods based on the mean values of several available samples does not preclude dietary acrylamide intake assessment through questionnaires, despite the large variation of acrylamide concentrations within single foods. However, there may be some considerations to take into account, such as that acrylamide values from national databases are used, and that the main acrylamide-contributing foods in the study population are the foods with less variation in acrylamide levels. Furthermore, the observed correlation between calculated and measured acrylamide intake combined with the fact that the FFQ used in the NLCS covers almost all acrylamide-containing items, strengthens the confidence that the acrylamide intake assessment in the NLCS resulted in a good rank ordering of most of the subjects, and thus the associations observed in the NLCS between dietary acrylamide intake and risk of several cancer types.
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